The effect of formulation, fungal concentration, type and seasonal changes on the mortality of the tick Amblyomma variegatum was investigated. A previous study demonstrated high pathogenicity of strains of the fungi Beauveria bassiana and Metarhizium anisopliae against the ticks Rhipicephalus appendiculatus and Amblyomma variegatum (Kaaya et al. J Invertebr Pathol 1996; 67: 15-20). The present study was undertaken to explore possible additive or synergistic effects of the two fungi on A. variegatum. The effects of oil and water formulations at different concentrations of each fungus and combination of the two on the mortality of A. variegatum in the laboratory and in the field during the wet and dry seasons were determined and compared. The oil formulation performed better in all assays, with highest tick mortality of 92% occurring during the wet season at conidia concentration of 1 · 10 10 conidia/ml of the mixed fungi compared to 49% for the water formulation at similar conidia concentration. However, at the same conidial concentration during the dry season, mortalities in the field were relatively low with the mixture of the fungi recording 24% and 17% tick mortality for the oil and water formulation respectively. The effect of infecting the ticks with a cocktail of the two fungi was inconclusive under more controlled conditions in the laboratory but field results under both wet and dry seasons indicated significant differences between the separate and mixed fungi infections. The results demonstrate a potential of cocktail formulations in the control of ticks and possibly of other arthropod pests.
Introduction
Although the entomopathogenic fungi Beauveria bassiana and Metarhizium anisopliae have been widely investigated as biological control agents of agricultural pests [1] [2] [3] [4] [5] [6] [7] [8] their potential in the control of livestock pests has not been extensively explored. Despite their economic importance [9] , biological control of ticks has been more neglected than that of other livestock pests although over 100 tick pathogens, seven parasitic wasps and about 150 predators of ticks have been reported in the literature [10] . Castineiras et al. [11] reported up to 100% mortality when Boophilus microplus engorged females were infected with B. bassiana and M. anisopliae. Mwangi et al. [12] reported high mortalities induced by strains of B. bassiana and M. anisopliae in all instars of Rhipicephalus appendiculatus in the laboratory. They also observed that when adults of R. appendiculatus were exposed to conidia of B. bassiana and then fed on rabbits, 74% of them failed to lay eggs, while fecundity in those that produced eggs decreased by 90%. In subsequent work, [13] reported that treatment of R. appendiculatus or A. variegatum adults engorging on rabbits with the aqueous formulations of the fungi caused significant mortalities (30% and 37%, respectively) and large reductions in engorgement weights, fecundity, and hatchability of the eggs. Promising results were also obtained with R. appendiculatus naturally infesting Zebu cattle. In the same study, both fungi induced mortalities of approximately 100%, 76-95% and 36-64% in larvae, nymphs and adults, respectively, of R. appendiculatus seeded in grass in the field. Spraying aqueous formulations of B. bassiana and M. anisopliae on grazing pastures previously seeded with R. appendiculatus larvae significantly reduced populations of this tick species on cattle [14] . Zhioua [15] also reported promising results with Ixodes scapularis using M. anisopliae. Since both fungal species thrive under similar environmental conditions, often infecting similar hosts, the effect of mixed infections on ticks is of special interest. The purpose of this study was therefore to investigate the effect on mortaliy of infecting A. variegatum with a cocktail of B. bassiana and M. anisopliae.
Materials and methods

Ticks
Unfed nymphs and adults of A. variegatum were obtained from the ICIPE tick rearing unit situated at Duduville Nairobi, from a colony that has been maintained there since 1978. They were kept in vials plugged with cotton wool and then placed in aluminum tins whose relative humidity and temperature were maintained at 75% and 25°C, respectively. The ticks were fed on adult naive New Zealand white rabbits. Adults ticks between 1 and 3 months old were used in the current experiments.
Fungi
Isolates of B. bassiana and M. anisopliae were obtained from cultures that have been maintained in the entomopathology unit at ICIPE by preserving them in mineral oil and liquid nitrogen. The B. bassiana isolate (ICIPE 51) was originally obtained from the banana weevil, Cosmopolites sordidus (German), in Nairobi while M. anisopliae isolate (ICIPE 7) was isolated from the migratory locust, Locusta migratoria in Madagascar [16] . Both fungi were periodically passaged through A. variegatum ticks to maintain their virulence.
Fungal cultures and formulations
The fungi were cultured on Sabouraud Dextrose Agar (SDA) (Mast Laboratories, Merseyside, U.K.) for 2-3 weeks at room temperature and harvested using 0.01% Triton X-100 as previously described [12, 17] . Briefly, the fungal formulations were prepared as follows: The water formulations were prepared by first centrifuging the harvested conidia. The supernatant was then decanted and distilled water added to the conidia in the centrifuge tubes. The mixture was thoroughly mixed using a vortex mixer, after which it was centrifuged and the supernatant decanted again. This procedure of washing the conidia was repeated three times to remove some of the Triton X-100. The washed conidia were then suspended in distilled water, and this formed the stock conidia suspension which was then diluted by adding 1 ml of the suspension to 99 ml of distilled water. A drop of this suspension was placed on a Neubauer hemacytometer to count the conidia under a microscope at magnification ·40 and the concentration of the conidia in 1 ml of the stock suspension calculated (1 · 10 10 conidia/ml). The stock concentration of the oil formulation consisted of 15% peanut oil, 1% emulsogen-1900T (Kenya Food Industries, Nairobi) and 84% of the fungal stock concentration of the water formulation. Aqueous and oil formulations of 10 10 conidia/ml were serially diluted 10-fold to give a range of conidia concentrations. In preparing the stock suspension of the fungal cocktails, 100 ml of the stock suspension of B. bassiana conidia was added to 100 ml of M. anisopliae both of equal conidia concentrations (10 10 conidia/ml) first for the aqueous formulation and thoroughly mixed using a vortex mixer. This procedure was then repeated for the oil formulation. One hundred millilitre of the cocktail from each formulation were placed in separate beakers and used as the stock suspension from which serial dilutions were prepared.
Treatments
Vials (30 ml, 2.3 cm diam) each containing 15 males and 15 females of adult A. variegatum were prepared in triplicates. Each set of 30 ticks was placed on a separate petri dish of 9 cm diameter containing 10 ml of the test fungal formulation for 5 s after which each set was removed and placed in separate vials. Ticks were thus exposed to different doses of M. anisopliae, B. bassiana and mixtures of the two (conidial viability 95%). The controls of 0.01% Triton X-100 in distilled water and peanut oil with emulsogen 1900 in distilled water were similarly set. The tubes were then labeled and incubated at 28°C and 75% relative humidity for 3 weeks. Similar groups of ticks were placed in nylon mesh packets, which were sealed using hot soldering iron and placed in a nylon net whose opening was then tied. The bags were then taken to the field and placed randomly on the grass. Tick mortality was monitored and the number of dead ticks in each treatment was recorded. The experiment was carried out during both the dry (September-October) and wet (November-December) seasons (Table 1) .
Statistical analysis
Prior to ANOVA, data were subjected to arcsine transformation after which mortality data were analyzed using Analysis of Variance (ANOVA) [18] . Mean separation was done using the StudentNewman-KeulÕs (SNK) test.
Results
There was a general trend of increasing tick mortality with increasing fungal concentrations for both oil and water formulations in all fungal types in the laboratory experiments. However, there were significant differences in tick mortality between lower fungal concentrations (1 · 10 4 -1 · 10 6 conidia/ml) and higher fungal concentrations (1 · 10 7 )1 · 10 10 conidia/ml) for both M. anisopliae and B. bassiana at the 5% level. It was also observed that mortality due to the combination of the fungi was generally higher than that caused by the separate fungi which were more less the same and that except for the dry season, oil formulation improved tick mortality.
The ANOVA comparisons of laboratory and field results on the effects of water and oil formulations on the mortality of A. variegatum indicated that the effects of formulation, concentration of fungi, and type of fungi were all significant (p < 0.001; df = 1, 6, 2 respectively), for laboratory and field experiments, except for the dry season when the species of fungi were not significant (p > 0.05). However, in the laboratory, the only clear differences were between water and oil formulations (Table 2 ) with the former performing rather poorly at all concentrations of both separate fungi and the cocktail. Although at lower concentrations, the oil formulation of the fungal 90.00 ± 5.09Bab 7.76 ± 1.11Cbc 100.00 ± 0.00Aa 7.78 ± 2.94Cb 1 · 10 8 100.00 ± 0.00Aa 15.56 ± 4.84Bab 100.00 ± 0.00Aa 3.33 ± 1.92Cb 100.00 ± 0.00Aa 24.44 ± 10.85Ba 1 · 10 9 100.00 ± 0.00Aa 10.00 ± 6.94Cb 100.00 ± 0.00Aa 11.11 ± 4.45Cbc 100.00 ± 0.00Aa 22.22 ± 1.11Ba 1 · 10 10 98.89 ± 1.11Aa 21.11 ± 7.29Ca 100.00 ± 0.00Aa 18.89 ± 8.02Cbc 100.00 ± 0.00Aa 25.56 ± 2.94Ba Control 2.22 ± 1.11Ac 0.33 ± 0.00Ab 2.22 ± 1.11Ac 0.33 ± 0.00Ac 2.22 ± 1.11Ab 0.33 ± 0.00Ab
Means within the same column followed by different lower case letters and those in the same row bearing different upper case letters are significantly different at p = 0.05 [Student-Newman-KeulÕs (SNK) test].
cocktail induced higher mortality than formulations of the individual fungi, the differences in the results were not significant. Mortality of the ticks in the field during the dry season was uniformly low in all treatments (Table 3) . Some indication of additive and possibly synergistic effects between the two fungi was evident at high concentrations (10 9 and 10 10 conidia/ml). However, during the wet season, mortality data showed significant additive effect between the two fungi for both aqueous and oil formulations at concentrations of 10 6 conidia/ml and above and the trend was more like that of the laboratory experiments (Table 4 ).
Discussion
The effects of M. anisopliae and B. bassiana on different life stages of ticks have been demonstrated in the literature [13, 19] . Effects of M. anisopliae and B. bassiana on eggs and female ticks were demonstrated where they caused mortality as well as reductions in hatchability of eggs [13] . High mortality of larvae of B. microplus ticks induced by the fungus in the laboratory has also been reported [20] . Similar findings were also reported by Correia et al. [19] . In the current studies, mortality of ticks induced by aqueous and oil-based formulations at various concentrations of B. bassiana and M. anisopliae conidia was investigated both in the laboratory and in the field. Since both fungi thrive in terrestrial conditions that are more or less similar, it was of interest to investigate the effects of cocktail infections on the mortality of A. variegatum with a view to utilizing a cocktail of these fungi for the control of the tick if it induced higher tick mortality than the individual fungi. Therefore, tick mortality due to the individual and cocktails of 15.56 ± 1.11Ba 11.11 ± 2.94Cb 15.56 ± 2.22Ba 10.00 ± 5.09Ca 24.44 ± 1.11Aa 16.67 ± 5.09Ba Control 0.33 ± 0.00Ac 0.00 ± 0.00Ad 0.33 ± 0.00Ac 0.00 ± 0.00Ac 0.33 ± 0.00Ac 0.00 ± 0.00Ac
Means within the same column followed by different lower case letters and those in the same row bearing different upper case letters are significantly different p = 0.05 [Student-Newman-KeulÕs (SNK) test]. B. bassiana and M. anisopliae were compared through out this study. The experiments were carried out with water and oil formulations of the fungi in the laboratory and the field, the latter during the wet and dry seasons. It was observed that oil formulations of the fungi were more effective than the corresponding aqueous formulations under all experimental conditions. In the laboratory, high mortality was recorded at all concentrations (10 4 -10 10 conidia/ml) of the oil formulations of the individual fungi and their cocktails. Similar results were obtained during the wet season a clear indication that humidity is an important factor for the efficacy of entomopathogenic fungi [21] . It is of interest to note that tick mortality increased with increase in conidial concentration only up to a point under ideal laboratory conditions and this is a common occurrence in experiments of this nature [21] . Although high mortalities have also been reported with aqueous formulations of M. anisopliae with B. microplus [11] , results of this study showed very low mortality with the aqueous formulation. At lower concentrations (10 4 -10 7 conidia/ml), the fungal cocktails induced higher mortalities than the separate fungi although the differences were mostly not statistically significant. On the other hand, there was clear evidence of synergistic effect between the two fungi in the field. During the dry season, however, mortality was relatively low with fewer significant differences between the treatments compared to the wet season when mortality was higher. Indeed, most insect host-pathogen associations are known to be moisture dependent [22] , and the results of this study are no different.
Other researchers have also reported that oil formulations are more efficacious than aqueous formulations under various temperature and moisture conditions [23, 24] . Although the reason for the higher mortality induced by oil formulations is not known, it is believed to be due to the fact that oil blends better with the insect lipophilic cuticle than water does and that oil spreads rapidly presumably carrying fungal spores to areas of insect body that are normally protected from the unfavorable environmental conditions [22] . In the field, tiny oil drops do not evaporate as quickly as those of water. Oil, therefore, provides moisture to the spores for longer periods than water. Furthermore, oil protects conidia from damage by UV radiation which can be a serious problem in field situations and especially in the tropics [22] .
However, the higher mortality induced by a cocktail of B. bassiana and M. anisopliae might be attributed to the arrays of mycotoxins produced by each fungal species which may be more lethal when combined. However, there is need for more investigations to understand the mode of action of the mixed fungi. Previous studies showed that formulations of moderate doses of B. bassiana and M. anisopliae on feeding R. appendiculatus and A. variegatum caused substantial reduction in engorgement, fecundity and egg hatchability in surviving members of both species [12, 13] . However, similar studies with different doses of oil formulations of the fungal cocktails need to be undertaken to allow the development of a more optimum deployment of the cocktail on ticks.
This is the first time that the effect of mixed fungi of M. anisopliae and B. bassiana on the mortality of ticks has been investigated. Their mode of action as a cocktail needs to be investigated so as to explain the higher mortality obtained by the mixed fungi compared to that obtained by the separate fungi. These results provide a clear indication that under certain conditions, a cocktail of pathogenic fungi may induce high mortality in ticks. However, the full scope and potential of the cocktail effect remains to be elucidated. In summation, the present study opens up a new unexplored avenue in research on the development of biopesticides as environmentally-friendly alternatives to chemical pesticides that may be used in integrated control of livestock ticks [25] . The possibility that similar additive or synergistic effects may occur between two entomopathogens targeted against other agricultural and veterinary arthropods needs to be explored.
